A significant portion of the field of nanomedicine is predicated on being able to target nanoparticles to sites of disease. However, in vivo biodistribution and clearance of nanoparticles are poorly understood. In this study, a novel formulation of near-infrared fluorescent InAs(ZnS) quantum dots was synthesized and coated with a systematically increasing chain length of PEG. We found that varying PEG chain length resulted in major changes in organ/tissue-selective biodistribution and clearance from the body.
by introducing neutral and hydrophilic polymer chains, nanoparticles can avoid serum protein binding and can often achieve enhanced permeability and retention (EPR) in tumor model systems. [16] [17] [18] [19] [20] Here we demonstrate controlled organ-and tissue-selective biodistribution and elimination routes of nanoparticles by varying the surface coating with different lengths of short chain PEGs, but without any specific targeting moieties. For this study, we prepared novel ultrasmallsized near-infrared (NIR) fluorescent quantum dots (QDs) composed of an InAs core and a ZnS shell (Figure 1a and Supporting Information). 21 Transmission electronic microscopy (TEM, JEOL 200CX) was used to measure the inorganic core(shell) diameter, which averaged 3.2 nm (Figure 1b) . Dihydrolipoic acid (DHLA) and DHLA conjugated to a systematically increasing chain length of PEG (DHLA-PEG, n = 2, 3, 4, 8, 14, 22) were prepared as solubilizing organic coatings to the ultrasmall NIR nanocrystals. 12, 22 Gel-filtration chromatography (GFC) with simultaneous, full-spectrum (300 -1000 nm) absorbance and fluorescence was used to characterize QDs with various coatings. 15 Final QDs dissolved in phosphate buffer at pH 7.4, ranged from 4.5 to 16 nm in HD as PEG repeating units varied from 0 to 22 ( Figure 1c and Table 1 ). The typical full width at half maximum (FWHM) of the emission spectrum was 92 nm for the DHLA-PEGylated InAs(ZnS) QDs (Figure 1c and Supporting Information Figure S1 ). Quantum yields ranged from ≈10 to 20%, increasing with longer PEG length. For measurement of the effects of serum protein adsorption, 1 μM QDs were incubated in PBS, 100% rat serum, or 100% rat urine for 4 h at 37°C prior to loading 100 μL onto the GFC column. As shown in Figure 1c , the HDs of PEGylated QDs were stable in 100% rat serum and urine during 4 h incubation at 37°C, while DHLA-coated QDs bound serum proteins and increased their overall HD to >20 nm (data not shown).
The selection of organic coating for nanoparticles has profound effects on biodistribution and clearance in vivo. Specifically, the HD and surface charge of QDs are of paramount importance for their in vivo localization. Ideally, nanoparticles less than ≈5.5 nm HD with polar (non-ionic) or zwitterionic coatings can be readily excreted renally. 4, 23 To synthesize such small QDs in the NIR, we have introduced various shells, such as ZnS, ZnSe, and ZnSeS, on InAs cores and have overcoated these core(shell) structures with mono-or bi-dentate thiolated ligands having different charges and lengths (Ipe et al., manuscript in preparation). However, it was extremely challenging to synthesize stable emissive NIR QDs having an HD ≤ 5.5 nm. We did, however, succeed in generating bright, ultrasmall NIR QDs with bidentate small ligands on InAs(ZnS) nanocrystals (Figure 1 ). Although a DHLA coating alone provided the smallest HD with InAs (ZnS) QDs (4.5 nm by GFC), these QDs were not stable in serum due to the propensity of the carboxylic acids of DHLA to bind serum proteins, which increased the final HD to over 20 nm. Adding neutral PEG units to DHLA permitted precise control of HD while maintaining stability of InAs(ZnS) QDs in serum and urine for over 4 h at 37°C (Figure 1 ).
To explore the effect of surface chemistry and HD on their behavior in vivo, the series of PEGylated NIR QDs were injected intravenously into Sprague-Dawley rats at a dose of 20 pmol/g animal weight, and their biodistribution and clearance were compared at 4 h postinjection using NIR fluorescence imaging ( Figure 2 ). The NIR region of the electromagnetic spectrum (700 to 900 nm) is particularly important for this study because in vivo optical imaging requires high photon penetration into living tissue and low tissue autofluorescence. [24] [25] [26] For real-time live imaging, a custom intraoperative fluorescence imaging system was utilized. [27] [28] [29] For fluorescence excitation, 24 red LEDs (Marubeni Epitex, New York, NY) fitted with 667 ± 11 nm excitation filters (Chroma Technology, Brattleboro, VT) in custom holders were used. The emission filter used was a 720 nm long pass filter. As shown in Figure 2 , QDs with a DHLA-PEG2 coating accumulated largely in the liver, whereas DHLA-PEG3 led QDs to the kidneys and bladder. QDs with DHLA-PEG4 coating had accelerated body excretion via the liver and kidneys. Interestingly, QDs with DHLA-PEG8, and to a lesser extent DHLA-PEG14, accumulated in the pancreas (see video in online Supporting Information). QDs coated with DHLA-PEG14 were also excreted quickly through the liver to the intestine. QDs with DHLA-PEG22 (16 nm HD) exhibited poor clearance and were primarily found in the vasculature at 4 h post-injection.
To confirm the renal clearance of QDs, the kidneys were harvested 4 h post-injection and crosssectional images were obtained (Figure 3 and Supporting Information Figure S2 ). DHLA-PEG4-coated NIR QDs (5.6 nm HD) passed through the glomerular filters resulting in high signal in the collecting system relative to the medulla and cortex. Despite their smaller size (5.1 nm HD), almost no QDs with DHLA-PEG2 coating were found in the kidneys, but rather were trapped by the liver. On the other hand, weak signals in the kidneys and bladder were seen with larger QDs over 6.5 nm HD (Supporting Information Figure S2 ). As mentioned above, DHLA-PEG8-coated QDs (6.5 nm HD), and to a lesser extent DHLA-PEG14-coated QDs (8.7 nm HD), accumulated in the pancreas. The largest QDs studied also accumulated in lymph nodes after intravenous injection.
After fluorescence imaging, animals were sacrificed and relevant tissues analyzed histologically to confirm QD localization (Figure 3 , right two panels). For preparing frozen sections, major tissues and organs were resected 4 h post-injection, fixed in 10% formalin overnight, molded with OCT, and frozen in liquid nitrogen. Frozen sections were cut with 8 μm thickness and stained with hematoxylin and eosin (H&E, Histotec Laboratories). Liver, spleen, kidney, pancreas, intestine, muscle, and lymph nodes were examined by NIR fluorescence microscope. The excitation and emission filters used were 650 ± 22 nm and 710 ± 25 nm, respectively.
To perform quantitative assessment of biodistribution in blood, tissues, and organs, NIR QDs were labeled with 99m Tc-MAS 3 by the addition of 80 μL of 99m Tc-MAS 3 -NHS (2 mCi) in DMSO to 1 mL of QDs (5 μM) in PBS, pH 7.8 supplemented with 1 mM cysteine. Blood clearance was measured by intermittent sampling of the tail vein. Increasing PEG chain length resulted in significantly enhanced blood retention time, delayed excretion through the renal and hepatic routes, and delayed tissue extravasation. DHLA-PEG4-coated QDs (5.6 nm HD) were found primarily in the bladder (47.0 ± 5.7 %ID), with distribution in the kidney (7.9 ± 3.8 %ID), liver (8.1 ± 5.6 %ID), and intestine (7.5 ± 4.2 %ID), likely representing QDs in the process of being excreted (Figure 4a, 4c) . DHLA-PEG4-coated QDs appeared stable in urine from GFC analysis (Figure 4c ). On the contrary, larger QDs (DHLA-PEG14; 8.7 nm HD) exhibited relatively high uptake in the liver (18.6 ± 2.6%) and intestine (21.4 ± 3.2%), and almost no signal in the kidneys and bladder (Figure 4b, 4c) . The blood half-life (t 1/2β ) of QDs (Figure 4c ) with DHLA-PEG4 was over half that of QDs with DHLA-PEG14 (395 min vs. 922 min).
Usually, opsonized nanoparticles are recognized by macrophages, trapped in the RES (mainly liver and spleen), and degraded over a long time period. 30, 31 PEGylation, presumably due to the hydrophilic character of the polymer chains, 32 greatly reduces trapping by the RES. Additionally, PEG chain length appears to play an important role in the biodistribution and clearance of nanoparticles. QDs coated with shorter PEG chain lengths (to maintain final HD ≤ 5.5 nm) should, in principle, be cleared by the kidneys. Indeed, DHLA-PEG3 (5.3 nm HD) and DHLA-PEG4 (5.6 nm HD) formulations appear to have the proper ratio of HD and hydrophilicity for rapid renal clearance. Interestingly, though, DHLA-PEG2-coating (4.5 nm HD) induced rapid trapping of QDs in liver, either due to specific chemical recognition of the short-chain PEG or increased relative hydrophobicity. DHLA-PEG8 provided adequate solubility in serum, but its size (6.5 nm HD) is above the threshold for renal excretion. 4 Instead, this formulation led to rapid excretion through the liver and into bile, and surprisingly, preferential accumulation in the parenchyma of the pancreas. The pancreas is an important organ with very few known molecular targets, so the accumulation of specific PEG chain lengths is an unusual finding, and one that may lay the foundation for developing more specific targeting agents to the pancreas. Long PEG chain length increased QD blood half-life significantly, and rendered QDs more likely subject to hepatic clearance and uptake in lymph nodes. However, DHLA-PEG22-coated QDs (16 nm HD), were not excreted even by the liver after 4 h, and remained largely in the vasculature.
In this study, we have explored the effects of surface coating, HD, charge, and polarity on the biodistribution and clearance of emissive PEGylated NIR InAs(ZnS) QDs. Although PEG is typically considered an inert molecule, our study suggests that chain length, and thus chemical structure, has a major impact on the biodistribution and clearance of these nanoparticles. Increasing PEG chain length from 2 to 22 units not only resulted in predictable changes in HD, but also resulted in unpredictable targeting to the liver, kidney, pancreas, and lymph nodes. Ultra-short PEG chains (i.e., n = 2) retain a hydrophobic character and result in rapid uptake in liver, relatively long PEG chains (i.e., n ≥ 22) are highly hydrophilic and remain in the vasculature for long periods of time, and intermediate chain lengths exhibit specific tissue and organ distribution and clearance.
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